Adult Lepidoptera are capable of associative learning. This helps them to forage flowers or to find suitable oviposition sites. Larval learning has never been seriously considered because they have limited foraging capabilities and usually depend on adults as concerns their food choices. We tested if Spodoptera littoralis larvae can learn to associate an odor with a tastant using a new classical conditioning paradigm. Groups of larvae were exposed to an unconditioned stimulus (US: fructose or quinine mixed with agar) paired with a conditioned stimulus (CS: hexanol, geraniol or pentyl acetate) in a petri dish. Their reaction to CS was subsequently tested in a petri dish at different time intervals after conditioning. Trained larvae showed a significant preference or avoidance to CS when paired with US depending on the reinforcer used. The training was more efficient when larvae were given a choice between an area where CS-US was paired and an area with no CS (or another odor). In these conditions, the memory formed could be recalled at least 24 h after pairing with an aversive stimulus and only 5 min after pairing with an appetitive stimulus. This learning was specific to CS because trained larvae were able to discriminate CS from another odor that was present during the training but unrewarded. These results suggest that Lepidoptera larvae exhibit more behavioral plasticity than previously appreciated.
Introduction
Lepidoptera adults can learn to associate odors, shapes, or colors with a food reward. In the context of foraging flowers, associative learning provides adults a definite biological advantage to find nectar sources (Cunningham et al. 2004; Riffell et al. 2008) . They can learn to extend their proboscis in response to floral odors associated with a sucrose reward (Fan et al. 1997; Skiri et al. 2005) or even in response to sexual pheromones associated with sucrose . They are also capable of aversive learning, by associating a floral odor with a bitter substance (Jørgensen et al. 2007; Rodrigues et al. 2010 ). This behavioral paradigm was successfully used to unravel some of the circuitry and neural mechanisms that make these associations possible (Daly et al. 2008; Ito et al. 2008) . Learning is also thought important in the context of foraging for oviposition (but see Parmesan et al. 1995; Hern et al. 1996; Cunningham and West 2001) .
In Lepidoptera larvae, the focus of attention has been more targeted to understand how they adapt and habituate to a given host plant than to explore their learning capabilities. When adapted to a host plant, larvae tend to choose this plant over other hosts and even specialize to it (Jermy et al. 1967; Yamamoto 1974; Isman 2003, 2004) . Adaptation to a plant takes some time because it involves the expression of a cascade of genes leading to the expression of specific detoxification enzymes (Snyder and Glendinning 1996; Glendinning 2002; Liu et al. 2006 ) and of salivary proteins that could counteract the plant's defenses (Eichenseer et al. 1999; Musser et al. 2002; Merkx-Jacques and Bede 2005; Musser et al. 2005; Bede et al. 2006; Babic et al. 2008) . Not only do they adapt to the plant but they also ''habituate'' to its defenses at the sensory level, reducing their aversive response to unpleasant tastes of their host (Glendinning et al. 2001 ) and eventually ''tune'' their taste for it (del Campo et al. 2001; Renwick 2001; Glendinning et al. 2009 ). Habituation is generally acquired after exposure to a plant or to a diet for at least 12-24 h (Jermy et al. 1967; Carlsson et al. 1999 ). Recent observations suggest that habituation involves long-term memory (Shikano, Akhtar, Isman, and Rankin 2010) .
Very few studies have considered that Lepidoptera larvae would even need to be capable of associative learning after short duration experiences (Papaj and Prokopy 1989) . This situation is surprising because short-term memory could help larvae to adapt to their environment in numerous situations, for example, to navigate back to their host when they leave their host plant for shelter (Ohbayashi and Iwabuchi 1991; Moss et al. 2006; Shiojiri et al. 2006) , to avoid photosensitive toxins (Fields et al. 1990 (Fields et al. , 1991 Guillet et al. 1995) , to find plant tissues with less toxicants (Cianfrogna et al. 2002) , or because they exhibit a highly polyphagous behavior that lead them to sample different host plants within a day (Bernays et al. 2004 ). It could also help them to keep away from unsuitable plants in species where adult females lay their eggs on plants of poor value to their offspring . The newly hatched larvae should find a host by their own means, either in the immediate vicinity or by spreading away, for example, by ballooning (Bell et al. 2005) . If the initial host plant was found suitable or unsuitable for the larvae, associative learning will help them to settle on a proper host.
Associative learning has been found in most organisms studied so far, including nematodes (Nuttley et al. 2002; Zhang et al. 2005) . Recently, it has been shown that Drosophila larvae are able to associate olfactory stimuli with gustatory reinforcers. This association was shown to be established after 10 · 1-min training trials (Scherer et al. 2003; Gerber and Stocker 2007; Schipanski et al. 2008) or after 3 · 5-min trials (Schipanski et al. 2008) . The training was performed by placing Drosophila larvae alternatively on an agarose substrate added with sugar and an odor or plain agarose with another odor. These larvae were subsequently tested by placing them in a petri dish with the 2 odors and their choices were monitored. This paradigm is interesting because of its simplicity and also because it allowed the authors to evaluate different learning conditions and the conditions necessary for this memory to be subsequently expressed (Hendel et al. 2005; Gerber and Hendel 2006) .
We adapted this learning paradigm to evaluate if Egyptian cotton worm larvae (Spodoptera littoralis, Noctuidae, Lepidoptera) are capable to associate a taste with an odor. We show that these larvae can associate a positive or a negative reinforcement (sucrose or quinine) with an odor (hexanol, geraniol, or pentyl acetate) . The strength of the memory trace depends on the training conditions and is best if larvae are left free to experience the pairing US-conditioned stimuli (CS) together with another unpaired condition. We further show that the association formed is specific to the odor and also that the memory formed is labile.
Materials and methods

Insects
Insects were reared in the laboratory on a semiartificial diet (Poitout and Bues 1974) , at 24°C, 60-70% relative humidity, under a 16:8 h light:dark cycle. All experiments were performed on second and third instar larvae that were starved during 24 h before the training and test sessions.
Experimental setup
As training and test arena, we used disposable petri dishes (5 cm diameter) that were placed over an electroluminescent light panel (Flexible light panel A3, Selectronic) in a dark room maintained at 20-22°C. The bottom of each petri dish was covered with a 3 mm layer of 2.5% agarose to which the unconditioned stimulus (US) was mixed while agar was still warm. Agar mixtures were prepared the day before the experiment and stored at 4°C overnight. Each petri dish was covered by a lid, with its wall painted with vaseline in order to prevent larvae from leaving the agar layer.
We used the following chemicals: 1-hexanol (CAS: 111-27-3; Aldrich, 98%), pentyl acetate (CAS: 628-63-7; Fluka, 99%), geraniol (CAS: 106-24-1, Fluka GC grade, 96%), D-(-)-fructose (CAS: 57-48-7, Sigma-Aldrich, 99%), and quinine hydrochloridedihydrate (CAS: 6119-47-7, Sigma-Aldrich, 99%). Hexanol and geraniol were chosen because they are odors found in plants either in the leaves (hexanol) or in the flowers (geraniol) and are detected by S. littoralis larvae (Carlsson et al. 1999) . We also used pentyl acetate because it is found in decaying fruits. During pilot electrophysiological experiments, we checked that fructose and quinine are stimulating different cells in taste sensilla of S. littoralis larvae.
For appetitive conditioning, agar was mixed with 0.1 M fructose (positive reinforcer). For aversive conditioning, agar was mixed with 0.01 M quinine (negative reinforcer). These concentrations were chosen following pilot experiments, first by checking if these tastants would induce an attraction (with 0.1, 0.3, and 0.5 M fructose) or a deterrency (with quinine) and then by testing the strength of the association using 0.1% hexanol paired with different concentrations of fructose or quinine.
As CS, we used 20 lL of odorants diluted in hexane down to 0.1% (hexanol, pentyl acetate) or 0.01% (geraniol) and spread out on the disk of agar with the help of a paintbrush. These concentrations were adjusted after pilot experiments so that naive larvae would not be too much attracted or too much repelled by these odors. If the odor was to be spread over half of the disk, we used 10 lL only. The prepared disks (or hemi-disks) were left to evaporate during 2 min before being used. Odors associated with a positive reinforcer were denoted with ''+'', HEX+ (hexanol) or GER+ (geraniol). When associated with a negative reinforcer, they were denoted with a ''-'', HEX-or PEN-(pentyl acetate).
Training and test protocols
The larvae were trained and tested in groups of 10, by transferring them to the petri dishes with soft forceps. Each group was subjected to consecutive training periods of 5 or 15 min, separated by intertrial intervals of 1 or 5 min, respectively. During intertrials intervals, the larvae were removed from the training dish and transferred to an empty petri dish. Between the training sessions, the sides of the treatments were rotated by 180°to avoid possible effects of external spatial heterogeneity. After the conditioning phase, the larvae were placed again into an empty petri dish until the time of the test. If the test was planned to occur 48 h after the training, the larvae were placed again on food medium during 24 h and subsequently starved for 24 h. For the test, larvae were transferred at the center of a petri dish with plain agar cut in 2 halves: one hemi-disk was treated with the test odor (usually hexanol), whereas the other remained plain or was treated with another odor.
Two types of conditioning were used. In the ''no-choice'' conditioning protocol, the bottom of the petri dish was covered with a plain disk of agar treated with US and CS. In this situation, larvae walking over the agar experienced only one US-CS pairing association. In the ''choice'' conditioning protocol, the disk of agar was cut in 2 halves, and only one of them was treated with US and CS, whereas the other remained untreated. In this situation, larvae walking over the agar layer could experience 2 situations, US-CS pairing and no US-no CS (plain agar) depending on their position in the petri dish.
Measurements and statistical analyses
During each test session, we recorded the number of larvae on each side of the petri dish every 2 min. From these numbers, we analyzed only the value recorded at 8 min after the start of the session, and computed a preference index for hexanol (Gerber and Stocker 2007) :
with n HEX = number of larvae found on the HEX side, n OP = number of larvae on the opposite side, and n tot = n HEX + n OP . This index ranges between -1 and 1. A positive score indicates that most of the larvae were on HEX side, whereas a negative score shows a repellent effect of HEX. Values around zero indicate no preference. For the control groups (CS without US), we calculated the preference index for one arbitrary side. Each experimental situation was replicated between 8 and 12 times. All statistical analyses were performed with Statistica software (v. 7; StatSoft Inc.). We first checked if PREF (HEX) values were compatible with a normal distribution using a Shapiro test with a P of 0.05. Because 4 experiments did not pass the test, we compared the samples using a Mann-Whitney U test for independent samples.
Results Experiment 1: no-choice conditioning
Classical conditioning involves a training phase where US and CS are presented simultaneously; if CS and US are not paired, no learning should occur. For US-CS paired conditioning, larvae were placed 2, 3, and 6 consecutive times during 5 min in a petri dish containing both stimuli; each exposure time was separated from the following by transferring the larvae to an empty dish during 1 min. For US/CS unpaired conditions, the larvae were transferred to petri dishes containing US or CS, during 5 min, repeated 3 or 6 times; this implies that the entire procedure took twice as much time as the paired training procedure.
In this experiment, hexanol (US) was paired either with fructose (CS+) or with quinine (CS-), and we tested the attractiveness of hexanol toward these larvae 5 min after the last training session ( Figure 1A ). When the larvae were trained 6 times to the pairing CS-US, they were consistently more attracted to hexanol paired with fructose, whereas they were repelled by hexanol paired with quinine ( Figure 1B ). When the larvae were trained 3 or 2 times to the pairing CS-US, the larvae remained distributed equally on both sides of the petri dish When US and CS were unpaired, US did not have any influence on their distribution during the test ( Figure 1B ).
Experiment 2: choice conditioning
We then examined if memory recall would improve if larvae were given a choice between plain agar and agar with CS-US pairing during the training (Figure 2A ). Larvae could walk freely between 2 areas and had the choice of being exposed to the pairing of CS with US or not. The training procedure was applied only twice during 15 min, and the larvae were tested 5 min later with CS. As a control, larvae were trained in a petri dish covered with one half of the agar treated only with the odor (no US).
Larvae exposed to HEX paired with fructose (HEX+) were significantly more attracted by hexanol than larvae exposed to unpaired hexanol (HEX 0 ), 5 min after the 2 training sessions ( Figure 2B ). No significant difference was found in the groups HEX-/HEX 0 , GER+/GER 0 , and PEN+/PEN 0 . At the concentrations used, HEX 0 seemed slightly attractive, whereas GER 0 and PEN 0 treatments did not seem to induce skewed distributions. Larvae exposed to HEX+ or HEX-treatments expressed contrasted distributions (P = 0.004).
Experiment 3: discriminative choice conditioning and memory span
In the previous experiment, the larvae could have learned that US was associated with any odor and not specifically to hexanol. In order to determine if the learning association was specific, we used 2 odors (A and B) presented in the same petri dish, one of which was paired with US. This was tested with a positive reinforcer (fructose) using hexanol and geraniol (HEX+/GER and HEX/GER+ groups: Figure 3A ) and with a negative reinforcer (quinine) using hexanol and pentyl acetate (HEX-/PEN and HEX/PEN-: Figure 4A ). The larvae were tested in the presence of the 2 odors at variable time intervals after the training. For each time interval, separate groups of larvae had been trained.
After appetitive conditioning, the larvae significantly preferred the paired odor until 5 min after the test ( Figure 3B ). This preference declined rapidly over time because it was lost 30 min after the training and never recovered. After aversive conditioning ( Figure 4B ), larvae expressed a preference for the odor that was not paired to quinine up to 24 h after the training.
Discussion
We investigated the capacity of larvae of S. littoralis to create an association between an odor and a reinforcing taste, under different conditioning paradigms. When the larvae were trained in a petri dish with only one pairing available, we found a clear response to the paired odor after 6 training sessions of 5-min duration. When larvae were placed in a petri dish with 2 conditions available, one paired and one neutral, 2 training sessions of 15 min were sufficient to change the preference of the larvae toward hexanol after being exposed to the contingency hexanol-fructose or hexanol-quinine. We also demonstrated that the memory association is specific to the CS they experienced and that this learning lasts up to 24 h, depending on the value of the US. To our knowledge, these data are the first which demonstrate unequivocally that Lepidoptera larvae are capable of associative learning using odor as a CS and a tastant as a US.
In the first training protocol (called no-choice conditioning), larvae were exposed to the pairing CS-US continuously. Short training periods and 6 training sessions allowed them to establish an associative memory. This memory is clearly associative because when the stimuli are unpaired, no memory could be formed. In the second training protocol (called choice conditioning), only half of the surface of agar was treated with CS and US, and each time a larva is crossing the midline, it experienced a transition between 2 different environments. This transition may be functionally equivalent to repeated cycles of exposure/rest used in classical associative conditioning. Because larvae can experience different pairing conditions in relation to Groups of 10 larvae were subjected to consecutive 5-min training sessions separated by 1 min rest in an empty petri dish. For paired training, the larvae were exposed to agar mixed with the US (fructose or quinine), covered with 20 lL of diluted hexanol (HEX). For unpaired training, the larvae were exposed first to agar with hexanol and then to agar mixed with the US. This procedure was repeated 3 or 6 times. We also tested paired trainings repeated 2 times, with 15-min exposure followed by 5 min rest. After the training procedure, larvae were tested into a petri dish with agar treated with hexanol on one side. We monitored the distribution of the larvae at 8 min after the start of this test. (B) Distribution of the larvae after their introduction into the test arena, displayed as an index of preference for hexanol PREF (HEX) = [(number of larvae on HEX À number of larvae on agar)/total number of larvae]. Data are presented as box plots with the median as bold line, box boundaries as 25/75% quartiles, and whiskers as extreme values. For each situation, we compared the difference between trainings using the 2 US using a Mann-Whitney U test (***P < 0.001; **P < 0.01; *P < 0.05). Each point represents data collected from 8 groups of 10 larvae (except for paired training 6 times: n = 10 groups and paired training 3 times: n = 12 groups). Black boxes: hexanol paired with fructose (HEX+); white boxes: hexanol paired with quinine (HEXÀ). Groups of 10 larvae were subjected to 2 consecutive 15-min training sessions separated by 5 min rest. For paired training, the larvae were exposed on one side of the petri dish to agar mixed with the US (fructose or quinine) and covered with 10 lL of diluted and odor (0.1% hexanol: HEX, 0.01% geraniol: GER or 0.1% pentyl acetate: PEN); the other side of the agar remained plain. For unpaired training, the larvae were exposed agar treated with the odor only, whereas the other side remained plain. After the training procedure, larvae were tested into a petri dish with agar treated with the odor on one side. We monitored the distribution of the larvae at 8 min after the start of this test. (B) Distribution of the larvae after their introduction into the test arena, displayed as an index of preference for the odor tested PREF (odor) = [(number of larvae on the odor side À number of larvae on agar)/total number of larvae]. See legends of Figure 1 for conventions and statistical tests. The number of repetitions was n = 10 groups for US+ (odor associated to fructose) and n = 8 groups for USÀ (odor associated with quinine). Black boxes: odor paired to US during the training; white boxes: training in the presence of the odor only.
their locomotion and feeding activities during the training, we believe that this protocol involves some operant conditioning in addition to associative learning. In these experiments, odors were mixed with the US by covering the agar with an aliquot of the odor diluted in a solvent under the reasoning that this mode of presentation was closer to natural conditions. On plants for example, odors exhaled from the plants are ingested by the larvae. Ingesting (and eventually ''tasting'') these odorants could facilitate the associative memory as found in rats when the odorants were mixed with the tastant in the feeding bottles (Chapuis et al. 2007 ). Thus, in our protocol, odors are not only detected as odorants by the antennae and the maxillary palps but they are also ingested and in direct contact with the taste neurons when the larvae are biting or exploring the food medium. It has been documented that several plant odors can be tasted by taste sensilla in Manduca sexta larvae (Städler and Hanson 1975) . Insect taste neurons can be stimulated by olfactory molecules such as the repellent DEET (N,N-diethyl-m-toluamide) (Lee et al. 2010) or D-limonene (Ozaki et al. 2003; Tsuchihara et al. 2005) . This might be the case also for geraniol which we took as a floral odor. Geraniol has been found repulsive for flies at high concentration (Veltman and Corbet 1991; Ray 1999) . Its chemical structure is close to citral, a known repellent for insects that interacts with transient receptor potential channels in vertebrates (Stotz et al. 2008) .
Spodoptera littoralis larvae odor memory formation is specific because they can modulate their behavior according to the US associated to hexanol, geraniol, or pentyl acetate. These odors seem to induce different spontaneous behaviors, for example, hexanol at the concentration tested was consistently found more attractive than geraniol (which was repellent at higher doses), whereas pentyl acetate was less preferred in the presence of hexanol (data not shown). This behavior was reversed or reinforced after pairing it with a given US. This discriminatory learning clearly shows that the larvae learned unambiguously the association between the CS and the US as in Drosophila larvae (Gerber and Stocker 2007) or as in other adult insects, such as honeybees (Sandoz and Menzel 2001) . Further experiments are needed to explore how much discrimination is involved in this learning.
After appetitive conditioning, we found that the memory formed could be recalled until at least 5 min after the training but not after 30 min. This performance is lower than the 30-min retention time observed in Drosophila larvae trained and tested in petri dishes . One possibility for this apparent limited memory duration is that we might have a confounding effect of the odors perceived both as an olfactory cue and as an aversive tastant (especially geraniol) because the odor was mixed with the US. For aversive conditioning, the retention time was longer and persisted until 24 h. This stronger memory might be directly related to differences in the behavior of larvae between appetitive versus aversive conditions during our training procedure. Indeed, we observed that larvae exposed to aversive stimuli were more mobile and Groups of 10 larvae were subjected to 2 · 15-min training sessions separated by 5 min rest. Larvae were exposed on one side of the petri dish to agar mixed with the US (fructose or quinine) and 10 lL of odor1, whereas the other side was covered with odor2. The 2 odors tested were hexanol (HEX) and geraniol (GER) at the same concentrations as in Figure 2 . After the training procedure, larvae were tested placed into an empty dish until the test (to the exception of the larvae tested 48 h after which were placed 24 h on diet). As for the test, the larvae were transferred into a petri dish with agar treated with odor1 on one side and odor2 on the other side. The distribution of the larvae was monitored at 8 min after the start of this test. crossed the midline more frequently than larvae exposed only to appetitive stimuli (data not shown). Our data demonstrate for the first time that Lepidoptera larvae are able to quickly memorize information crucial for their survival following a brief gustative conditioning experience, which could persist for at least a few hours. There is still much to explore to understand the scope of these learning capacities, for example, by evaluating how long this memory can last using different experimental conditions, odorants, and taste stimuli. Short-term learning capacities offer a substantial ecological advantage over other adaptation mechanisms like habituation as they give larvae the possibility to quickly switch from one choice to another, according to the immediate availability or to the value associated to food according to previous experience. It would be interesting to know if habituation and plant-host adaptation derive from associative learning or if they represent completely different neural and physiological processes.
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